Path-integral molecular dynamics simulations based on density functional theory employing exchange-correlation density functionals capable of treating nonlocal van der Waals (vdW) interactions self-consistently provide a remarkably accurate description of ambient water. Moreover, they suggest that water's structure may be impacted by a combined influence between nuclear quantum effects and vdW interactions. The latter strongly favor the formation of a high-density liquid, whereas the inclusion of the former mitigates this by decreasing the mean hydrogen-bond (H-bond) distance. Examining the structure of water reveals that while the major fraction of molecules do in fact exhibit the traditional picture of near-tetrahedral coordination, the liquid considerably softer than previously simulations have suggested, including a much lower proportion of molecules double-donating H-bonds as well as a much larger distribution of their angles.
Water plays a central role in many scientific fields 1 ; consider, for example, its involvement in nearly all chemical, biological, and geophysical processes. Despite such broad importance, water's most basic property, its local structure at ambient conditions, characterized by the geometry of its underlying hydrogen-bond (H-bond) network, has remained a matter of debate for over a century [2] [3] [4] . The traditional view asserts that H bonds form a macroscopicallyconnected random network, where molecules on average exhibit near-tetrahedral coordination (∼3.5 H bonds / molecule) 5 with thermal motion causing continuous topological reformations via straining and breaking 6 . Recent small-angle X-ray scattering (SAXS) data 7 , however, suggests the possibility that structural polyamorphism between interconverting high-density liquid (HDL) and low-density liquid (LDL) polyamorphs may exist not only in the supercooled region 8 , but at ambient conditions as well.
Atomistic simulations have the potential to resolve these issues. Unfortunately, many challenges exist to simulating ambient water, even at an ab initio level through densityfunctional theory (DFT) calculations. In fact, providing an accurate theoretical description has remained a central topic and open challenge in physical chemistry for many decades.
Challenges arise because water is only ∼25 K from the melting temperature of ice, where a variety of subtle and complex effects become important. While the structure is dominated by H bonds between neighboring molecules, both van der Waals (vdW) interactions (which, in this context, refers to dispersion forces resulting from dynamical nonlocal electron correlations) and nuclear quantum effects (NQEs) influence the topology of the H-bond network.
In fact, as discussed below, recent simulations have demonstrated that each of these effects has a profound influence on the underlying H-bond network [9] [10] [11] [12] [13] [14] .
vdW interactions are particularly important in water, due to the high polarizability of oxygen (O). While much weaker than H bonds, they can bend those in the first coordinationshell via outer-neighbor interactions. Including vdW interactions in DFT simulations though has traditionally been problematic, as semilocal exchange-correlation density functionals (DFs) (obviously) lack the ability to describe them. combined influence between them. This is further supported by the fact that this effect is apparent irrespective of the choice of DF, as long as election correlations are treated nonlocally and self-consistently -see also the Supplementary Information (SI). In passing,
we note that while it may appear at first that these results imply a "hardening" of water structure with NQEs, below it is demonstrated that this is in fact not the case. While g OO (r) and g OH (r) provide the primary insight into the combined influence between NQEs and vdW interactions, for a complete description of the angular-averaged structure, we show the H-H PCF, g HH (r), in Fig. 3 . From this, insight into both the intramolecular potential energy surface of an isolated molecule in the condensed-phase environment and the relative orientations of neighboring molecules (given by the first and second peaks, respectively), can be inferred. For example, it can be seen that the classical simulations poorly describe intramolecular motion, which is significantly improved with NQEs, as expected, because water is primarily in its ground vibrational-state at ambient conditions and NQEs are large, also mentioned above.
While the PCFs give important insight into the angular-averaged structure of water, they do not provide information about angular correlations that are necessary to understand local geometries. One measure that does give such information though is the probability distribution function f β (β) of H-bond angles, which quantifies the probability of finding a H bond at an angle β, the latter considered to be that between the two O atoms and the covalent O-H direction (see the inset of Fig. 4) . Note that the definition of a H bond is not rigorous, with many possibilities existing 27 , and so in order to make a comparison to existing results derived by experiment 26 , in this case, we consider each H atom to participate in a H bond, the latter found by simply determining the two nearest O atoms (a more sophisticated definition is utilized below). Figure 4 shows that, on average, H atoms are shifted slightly outward from the linear O-O direction, positioned essentially in a "cone" of angles around the donating O atom (peaked near 11.6°). The inclusion of NQEs shifts the peak angle even farther outward, as well as increases the angular distribution, both demonstrative of a softening of the H-bond network, confirming some of the remarks made above.
In addition to angular correlations, it is also important to consider actual bonding con- figurations. A quantitative measure can be made by looking at the relative proportions of H bonds donated by each O atom, the latter each of which can be labeled as non-donating (ND), single-donating (SD), or double-donating (DD) (higher proportions, resulting from H 3 O + , for example, are negligibly small); Table I . In what follows, a H-bond using the geometric criterion of Ref. 29 : one is considered to exist between two O atoms if the separation of the latter (R OO ) satisfies R OO ≤ −0.00044β 2 + 3.3Å, with β in degrees. Note that this quantity is shown in the inset of Fig. 4 , and in this case, precisely corresponds to the aforementioned cone of angles around the donating O atom for which a H atom may be found.
Note also that Table I shows theoretical liquid-state spectroscopy results 28 as a reference, which are based on calculated IR and isotropic Raman spectra fit to experiment (a procedure assumed to be independent of the underlying computational method), as definitive experimental conclusions (interpretations) are still matters of debate 2-4 . Table I provides important insight into the actual structure of ambient water. It suggests that just under two-thirds of molecules actively exhibit the traditional picture of neartetrahedral (DD) coordination (see the vdW-DF2 results). This is considerably softer than current thinking 3 (but which in large part has been based on previous ab initio simulations -e.g., Refs. 13 and 14) that suggest such coordination is closer to ∼ 80%. Nonetheless, these results agree quite well with the theoretical liquid-state spectroscopy results 28 , and in fact resolve discrepancies between the aforementioned previous ab initio simulations 13 and sophisticated empirical models 30 .
While the percentage of DD species is relatively low, they do nonetheless continue to form the majority, indicative of average near-tetrahedral coordination. What is at first surprising is that the inclusion of NQEs is found to have only a small impact on the results, as a reduction in DD species is expected (e.g., empirical simulations 30 suggest a ∼15% reduction at ambient temperature). However, this is further consistent with a scenario where there is a combined influence between NQEs and vdW interactions; while the former alone likely reduce the proportion of DD species, in the presence of vdW interactions, they mitigate the large reduction already caused, and in the end, seemingly having little overall impact.
In conclusion, the inclusion of both NQEs and vdW interactions into ab initio DFT an Andersen thermostat 33 to control the temperature. Quantum statistics were generated using an accelerated PIMD approach based on a generalized Langevin equation 34 , with 8 imaginary-time slices (which was found to be adequate to converge both the quantum kinetic and potential energies). For both types of simulation, a time step of 10 a.u. was used to propagate the trajectories.
To represent ambient water, 64 H 2 O molecules (with atomic masses of 1.00794 and 15.9994
for H and O, respectively) were simulated at a density of 1 g/cm 3 and temperature of 300
K. An estimate of the equilibrium density for vdW-DF2 to justify this choice (also used for other functionals) is provided in the SI. Equilibration of the liquid was performed by first (semi-)melting ice I h at 400 K and performing classical simulations using PBE for ∼8 ps.
Further equilibration was then performed for a further few ps at the PIMD-level, followed by many ps of statistics collection. For vdW-DF2, for example, precise times were ∼7 ps equilibration and a further 8 ps of statistics collection, for a total simulation time of 23 ps.
9
